• Peat bogs have accumulated more atmospheric carbon (C) than any other terrestrial ecosystem today. Most of this C is associated with peat moss (Sphagnum) litter. Atmospheric nitrogen (N) deposition can decrease Sphagnum production, compromising the C sequestration capacity of peat bogs. The mechanisms underlying the reduced production are uncertain, necessitating multifactorial experiments.
Introduction
Peat bogs significantly affect the earth's atmosphere (Frolking & Roulet, 2007) by sequestering CO 2 in the form of partly decomposed organic material (peat), mostly formed by peat mosses (Sphagnum species; Rydin & Jeglum, 2006) . Peat bogs are nutrient-poor wetlands that commonly rely on atmospheric inputs as their sole source of external nutrients, making the vegetation composition sensitive to increases in nitrogen (N) deposition (Bobbink et al., 2010) . The vegetation comprises mainly ericaceous dwarf shrubs and cyperaceous graminoids of low productivity, rooting in a matrix of living and dead Sphagnum. Once competition from Sphagnum is reduced, or the nutrient limitation is mitigated, vascular plants may gain a competitive advantage and, being taller, outcompete the mosses due to their better competitive ability for light (Hautier et al., 2009) . Shifts from a moss-to a vascular-plant dominated state can depress carbon (C) sequestration rates (Juutinen et al., 2010) and even mobilize the N and C stored in the underlying peat by stimulating microbial activity (Freeman et al., 2004) . The peatland store is equivalent to between 34 and 46% of atmospheric CO 2 (IPCC, 2007) , and hence the ensuing C release into the atmosphere and the local environment may be substantial (Limpens et al., 2008) .
Northern hemisphere peat bogs are experiencing a hitherto unprecedented combination of stresses such as increases in N deposition (Galloway et al., 2008) , temperature, and drought frequency. Interactions between these factors may initiate a regime shift from a moss-to a vascular-plant dominated plant community, turning peat bogs from C sinks to C sources (Dise, 2009) . Interactions between N deposition and other stresses are likely, as shown in a recent statistical meta-analysis of field experiments (Limpens et al., 2011) . The analysis suggested that several variables affect the response of Sphagnum species to N deposition including N influx, presence of vascular plant, phosphorus availability, temperature, water table depth and species. The benefit of a meta-analysis of many experiments is that it reveals the influence of factors that are uncontrolled in a field situation. Experimental underpinning is needed, however, to understand the mechanisms underlying these statistical correlations (Dise & Phoenix, 2011) .
The design of glasshouse experiments, although artificial, can remove some of the variables allowing a closer examination of the influence of factors, alone or in combination with others, on the response to N application. One of the difficulties of this approach, however, is that the small spatial scale in glasshouse experiments may cause a different response to N (Irvine et al., 2004) . Such scale effects make translating the results from glasshouse to field difficult. This is particularly the case if processes operating at a larger scale (e.g. competitive interactions) start to dominate the processes at a small scale (e.g. physiological changes; Englund & Cooper, 2003) . Comparing the outcomes of N-application experiments between glasshouse and field experiments, across different experimental spatial scales (from shoot to plot) and organizational complexity (with and without vascular plants), allows us to explore if the responses of Sphagnum to N application depend on the scale of experimentation and whether they are driven mainly by direct or indirect effects. We hypothesized that:
• the direction of the response (qualitative response) of Sphagnum production and tissue N concentration to N and its sensitivity to environmental modifiers (N influx, presence of vascular plants, phosphorus availability, temperature, water table depth, species) is similar for both glasshouse and field experiments;
• the strength of the response (quantitative response) of Sphagnum production is lower in glasshouse experiments because of superior growing conditions;
• the quantitative response of Sphagnum production is determined by the organizational complexity (such as the presence of vascular plants), rather than by the scale (area) of the experimental unit.
Description

Data acquisition
Nitrogen application studies conducted on Sphagnum-dominated vegetation were located by searching the Web of Science and Google Scholar using the key words Sphagnum, nitrogen, peatlands, bogs, mires, and fertilis(z)ation in 2009. In addition, we used our contacts within the peatland researcher community to acquire additional data and information about the experiments. Authors were asked to share raw data, enabling a uniform calculation of treatment effects. For those cases where raw data were irretrievable (nine studies; Supporting Information  Table S1 ), we extracted the data from published manuscripts. In addition, we included unpublished N concentration, production or stem growth data related to published experiments of co-authors of this paper. For multiple-year experiments we only used data from the last year. We selected all studies where the control was subject to the same temperature regime as the fertilization treatments. These selection criteria left us with 44 studies covering 14 countries across North America and Eurasia. The resulting dataset (Table S1 ) contains information of 222 experiments (115 glasshouse; 107 field) reporting on Sphagnum N concentration (119 glasshouse; 87 field) and 206 reporting on Sphagnum production.
From the 44 studies, we included three response variables and 14 explanatory variables. Response variables were: Sphagnum N concentration in the upper 3 cm of the shoot, Sphagnum production and stem growth. Explanatory variables were: experiment type; number of seasons that N was applied; presence of vascular plants; background N deposition; N application; N application rate; P application; precipitation; temperature; position above the water table (microhabitat); scale of the experimental unit; Sphagnum species; N dose concentration; and form and frequency in which N was applied. Mean and standard deviation (SD) of the response variables were calculated or extracted for all N-treatments per study, treating different species subject to the same treatment, or the same species subject to different treatments, as separate experiments . In 14 studies, stem growth had been measured instead of production. To maximize the number of experiments included in our analysis, we converted stem growth to production by using the relationship between stem growth and production derived from a subset of glasshouse and field experiments where both variables had been reported. Excluding the stem growth studies from our meta-analysis did not affect the conclusions but did slightly widen the 95% credible intervals.
Sphagnum responses to N application were standardized before the analyses, expressing the effect relative to the control. For each experiment, the effect size was calculated as the natural logarithm (log e ) of the response ratio (rr) of Sphagnum production (PROD) or N concentration (N). The rr is defined as the mean of the experimental group (E ) divided by the mean of the control group (C ). The log e of the response ratio was used to linearize the metric and achieve a more normal distribution . A negative Nlog e rr (hereafter written as Nlnrr) indicates that applying N reduced the N concentration, whereas a positive Nlnrr indicates that applying N increased the N concentration relative to the control. Assuming treatment and control are independent, the variance (Var) of log e rr is Var (log e E -log e C) and is calculated as (SD E 2 ⁄ n E E 2 ) + (SD C 2 ⁄ n C C 2 ) , where n is the sample size. To better evaluate the relative importance of the explanatory variables they were standardized by subtracting the mean and dividing by two times SD before the analyses (Gelman, 2008) . Regression coefficients are then standardized in our models and are directly comparable with each other, including untransformed binary variables (Gelman, 2008) .
Statistical model building
We tested our hypotheses using a meta-regression approach (Gurevitch & Mengersen, 2010) using the standardized response of Sphagnum production (PRODlnrr) and Sphagnum N concentration (Nlnrr) to N application as the response variables. Explanatory variables (Table 1) were assessed for collinearity to ensure that modelled variables could be estimated independently. Additionally, we investigated the distribution of the variables to ensure relatively even distribution of data within the N application range, and within categories. When building submodels for testing variables that could not be tested in the main models due to overfitting (Thompson & Higgins, 2002; Lajeunesse, 2010) , or too uneven distribution of data within categories (Harrell, 2001) , we included N application rate and, if possible, other variables that were significant in the main models (Tables 2, 3 ; model b). The influence of covariates associated with the N treatments that could potentially bias our results (Table 1 ) was tested in submodels. For more information on explanatory variables and model choices see Supporting Information Notes S1.
In order to test if glasshouse and field experiments differ in their overall response to N application, we fitted a model with experimental type as the only variable (Tables 2, 3 ; model a). To explore if glasshouse experiments are reliable proxies for field experiments for the assessment of the interactions between N deposition and environment, we used the models for the response of production (PRODlnrr) and Sphagnum N concentration (Nlnrr) from Limpens et al. (2011) , adding interactions between the explanatory variables and experimental type (Tables 2, 3 ; model b). To test interactions with species we ran separate models for those species for which we had a substantial amount of data covering a broad range of our explanatory variables for both glasshouse and field experiments (Table S2 ). To investigate if there is a linear trend between Sphagnum response and scale we ran a separate model (Tables 2, 3 ; model c). In submodels (Table S2 ) Sphagnum species Dominant species in the experimental unit For a more extensive description of the variables see Table S1 and ⁄ or Notes S1. Note that some variables (Temperature, Microhabitat, Background N deposition and Number of seasons) were not fully comparable between experiment types.
Sampling dependence and hierarchical Bayes linear model (HBLM)
The linear mixed-model of a meta-analysis can be expressed as:
vector of effect size estimates (log e rr); X, design matrix with the explanatory variables; b, vector of parameters (including an intercept term and the effects of the explanatory variables); d, identity matrix with s 2 (i.e. the residual heterogeneity) along the diagonal). Residual heterogeneity is the variability among experimental outcomes that is not explained by the explanatory variables in the model. e is the sampling variance-covariance matrix that is assumed to be known and has experiment-specific variances on the diagonal. As indicated earlier, we calculated the response ratio for different N application rates by dividing the mean of the experimental group by the mean of the control group. Because many studies used multiple N application rates and only one control treatment, the same samples were used as control for more than one experimental group, creating sampling dependence in the responses that had to be dealt with . We controlled for the sampling dependence by including co-variances between related experiments in e as off-diagonal blocks (Hedges et al., 2010) in a hierarchical Bayes linear model (HBLM; Kulmatiski et al., 2008; Stevens & Taylor, 2009 ). For further details on calculations of co-variances between experiments and comparison of HBLM with the method of moments estimation see Limpens et al. (2011) . Controlling for sampling dependence is crucial in a study such as ours as our dataset had many multiple-treatment studies (Table S1 ). We performed the analyses in R (R Development Core Team, 2011), employing the metahdep package (Stevens & Nicholas, 2009) . In a HBLM set-up metahdep uses a noninformative normal prior on b|(s), and a log-logistic prior on s. See Stevens & Taylor (2009) for computational details. Regression coefficients are given with 95% credible intervals, meaning that b lies within the interval with a posterior probability of 0.95. Credible intervals were calculated as two (Table 2) but not Nlnrr. Exp, total number of experiments; N, number of experiments within category. Negative coefficients indicate that an increase in the predictor variable depresses the response of Sphagnum to N addition. Categorical levels are compared to the intercept, which for model b is set to field experiments, in the lawn microhabitat, without phosphorus application. Interaction terms show the differences in intercept, or slope for continuous variables, between groups within a variable. For example, the slope for N application rate in the field is the term Nitrogen (N) application rate, while the slope for glasshouse experiments is acquired by adding the terms Nitrogen (N) application rate and Experiment type (glasshouse) · Nitrogen (N) application rate. Upper and lower = 95% credible intervals; P, two-sided P-value derived from the posterior probability that the regression coefficient is zero; s 2 , hierarchical variance (i.e. heterogeneity); Rob., robustness results assessed by a leave-one-out jack-knifing approach. 0, sensitive; +, robust; ++, very robust.
times the posterior SD of the coefficients. Two-sided P-values for the coefficients are also provided for a more familiar interpretation of significant effects.
Model checking
In order to examine sample size bias, we plotted effect size vs variance and number of replicates (Supporting Information Fig. S1a-d ). In addition, we checked potential bias of our results owing to differences in within-study variance of the two experiment types. Barring one outlier (Fig. S1c) , mean within-study variance and SD were almost identical between field and glasshouse experiments. For general model checking we used residual analyses. To check for robustness in our significant coefficient estimates (i.e. P < 0.05), a leave-one-out jack-knifing approach was used where we re-ran models after removing each observation, or study, sequentially from the initial dataset (Efron & Tibshirani, 1993) . The result was considered weakly robust (+; Tables 2, 3) when the coefficient remained significant for all runs where one experiment was left out (i.e. N experiment ) 1 runs), and robust (++; Tables 2, 3) when the coefficient remained significant after a whole study was left out (i.e. N study ) 1 runs). The effect of extreme data points was investigated by comparing the model results before and after removing these extremes. For the jack-knifing approach we used a statistical definition of study. We collected data of 44, mainly published, sources. Some of these sources reported experiments that had been performed at multiple sites. Others reported multiple experiments that had been run under different conditions in the glasshouse. At this substudy level we had not 44 but 56 studies that we considered statistically independent and that were used for the jack-knifing approach.
Exploring N treatment artefacts
A major criticism of N-application experiments is that the level of the experimental treatment (in this case, N-application rate) is often substantially higher than the background N deposition received by even highly impacted ecosystems, leading to treatment artefacts (Pearce & van der Wal, 2008) . Limpens et al. (2011) showed that the increase in Sphagnum tissue N Table 2 . Upper and lower = 95% credible intervals, P, two-sided P-value derived from the posterior probability that the regression coefficient is zero; s 2 , hierarchical variance (i.e. heterogeneity); Rob., robustness results assessed by a leave-one-out jack-knifing approach. 0, sensitive; +, robust; ++, very robust.
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concentration with N influx across field experiments was indistinguishable from that measured across a natural gradient of N deposition (Bragazza et al., 2005) , suggesting that N application side effects, if present at all, were negligible. To test if the same applied to glasshouse experiments, we compared the relationships between nonstandardized Sphagnum N concentration and N influx between glasshouse and field experiments. For field experiments N influx (gN m 2 yr )1 ) was defined as the sum of background N deposition and N application rate; for glasshouse experiments N influx equalled N application rate. The analysis was performed by fitting a generalized least square regression (GLS) to account for the within-study correlation, using the R package nlme (Pinheiro et al., 2011) . For more information see Notes S1.
Results
Sphagnum N concentration response
The relationship between Sphagnum N concentration and N influx in glasshouse experiments was almost identical (both in trend and scatter) to that in field experiments for a wide range in N influx (Fig. 1 ). This result was sustained when experiments at high N influx (10 g N m )2 yr )1 ) were omitted. The choice of a nonlinear model (N concentration = intercept + b · log e (N influx) was based on previous work (Bragazza et al., 2005; Limpens et al., 2011) to better model N saturation. Fitting a linear model (i.e. not transforming N influx with log e ) did not yield any difference between glasshouse and field experiments either (P = 0.37), was less successful in predicting N concentration at low N influx, and generally displayed a worse fit (Akaike Information Criterion (AIC) linear = 648, AIC non-linear = 645). Our results suggest that artefacts associated with glasshouse experiments are negligible compared to the variability inherent to field experiments.
Nitrogen application increased Sphagnum N concentration relative to the control (Nlnrr), irrespective of experiment type (Table 2 , model a). Moreover, the variation in effect size of Nlnrr did not significantly differ between experiment types (SD glasshouse = 0.28, SD field = 0.25; P = 0.14). Examining the interaction effects between experiment type and environmental variables, such as microhabitat, background N deposition, N application rate and P application, did reveal a number of differences between glasshouse and field experiments, however (Table 2 , model b). The largest interaction effect was with microhabitat (Fig. 2a) . In glasshouse experiments, Sphagnum species characteristic of dry microsites (hummocks) increased more in N concentration than Sphagnum species characteristic of wet microsites (lawns), even at similar water table depth (not shown). In the field experiments, hummock species showed an opposite response, increasing less in N concentration than lawn species per unit of applied N. The response of Nlnrr to background N deposition also differed between experiment types. In glasshouse experiments, Nlnrr was not affected by the background N deposition the mosses had been subject to before the start of the experiment. For field experiments, however, Sphagnum subject to a high background N deposition increased less in N concentration per unit of applied N, than Sphagnum subject to low background N deposition. The interaction with P application was strongly driven by a few experiments and was, therefore, not robust.
Analyses based on individual species (Table S2) showed that S. fuscum was likely the driver behind the microhabitat · experiment type interaction (Table 2 , model b). This species had the lowest response value in the field but the highest in the glasshouse, while S. fallax and S. magellanicum had very similar values for both experiment types (Fig. 2b, Table S2 ).
The scale of the experimental unit hardly affected the N concentration response. Although the data suggested a smaller increase in N concentration in shoot than in plot experiments ( Fig. 2c; Table 2 , model c), the effect was small and depended on a few experiments and ⁄ or studies. Note that none of the experiments using field as experimental unit reported N concentration.
The effect of N dose on Nlnrr did not differ between experiment types (Table S2) . Analysis of N form was unreliable as a consequence of unequal distribution of sample sizes (Table S2) .
Sphagnum production response
Without controlling for differences in environment, species or design (Table 3 , model a), the only difference between the outcome of glasshouse and field experiments was the smaller variation of the production response (i.e. the variation of effect sizes for PRODlnrr) in glasshouse experiments (SD glasshouse = 0.28, SD field = 0.60; P < 0.01). After including environmental variables in the model (Table 3, (triangles) experiments. The fitted model is: N concentration = l + 2.7 ± 0.3 · log e (N influx) (P < 0.01), and is illustrated by lines for glasshouse experiments (dashed line, l = 11.7, n = 67) and field experiments (solid line, l = 11.4, n = 69). The nonsignificant experiment type · N influx interaction (P = 0.42) was removed for simplicity but the main effect of experiment type was kept for illustrative purpose, that is, the difference between the lines, even though their effects were tiny and not significant. differences in experiment type became evident. While N application in glasshouse experiments had a neutral to negative effect on PRODlnrr, adding similar rates of N in field experiments either stimulated or depressed Sphagnum production relative to the control, depending on the presence of vascular plants ( Fig. 3a ; Table 3 , model b). Although the sample size for glasshouse experiments with vascular plants is low and the interaction experiment type · presence of vascular plants should be interpreted with some caution, the effect is consistent between experiments and studies. For the other interactions with experiment type, only the effects of background N deposition and P application differed between the field and glasshouse experiments (Table 3 , model b). The negative effect of background N deposition was less pronounced in glasshouse experiments, and it was not driven by a few experiments or studies. By contrast, the interaction between experiment type and P application was less robust and should be treated with caution.
In order to explore whether the differences between glasshouse and field experiments could be attributed to the response of certain species, we fitted a model containing all explanatory variables significant in model b for a data subset including three species (S. fallax, S. fuscum, S. magellanicum) for which we had enough data (Table S2) . The difference between glasshouse and field experiments was most pronounced for S. magellanicum, yielding a significant species · experiment type interaction (Fig. 3b , Table S2 ). While adding N to S. magellanicum in glasshouse experiments depressed production relative to the control, adding N at the same rate in field experiments stimulated production, resulting in a positive PRODlnrr.
The scale of the experimental unit interacted with N application, generally giving a more negative response at smaller scales ( Fig. 3c; Table 3 , model c). The effects in this model were not very robust, however, and should be treated as tentative. Note that the fitted model was adapted to only fit the interaction with vascular plants at pot and plot scale -the only scales for which we had experiments with and without removal of vascular plants.
The effect of N dose was assessed for data subsets containing all experiments for which information on the N concentration of the fertilization solution was available (c. 90% of all experiments). The analyses showed no effect of experiment type (interaction coefficient estimate: ) 0.08, P = 0.85; Table S2 ). Fig. 2 Response of Sphagnum nitrogen (N) concentration (Nlnrr, log e (treatment ⁄ control)) for: (a) glasshouse and field experiments with species characteristic of dry (hummocks, open symbols) and wet (lawns, filled symbols) microhabitats, (b) glasshouse (circles) and field (triangles) experiments for individual species (Sphagnum fallax, S. fuscum, S. magellanicum) and (c) for different scales of the experimental unit (shoot, pot and plot). Positive values for the response ratio, that is, above the thin horizontal line, indicate an increased production relative to the control treatment. Symbols represent fitted means conditioned on the variables in models b and c (Table 2 ). For tests at species level we added species interaction terms to model b (Table S2) . Variables not shown in the figure are kept fixed at their mean value. Confidence in estimates is illustrated by 95% credible intervals. The numbers below the intervals indicate the number of experiments in each group.
Likewise, no clear effect of N form could be detected; However, as most experiments used NH 4 NO 3 , these results should be treated with caution (Table S2 ). Finally, we tested if the difference between glasshouse and field experiments could be related to differences in absolute production because one could argue that the variability of low production rates may be less than that of high production rates. However, when comparing production in control treatments between glasshouse and field experiments, there was no indication of such bias (mean ± SD; glasshouse: 215 ± 155 g m )2 yr )1
, field: 229 ± 207 g m )2 yr )1 ).
Discussion
How similar are the outcomes of glasshouse and field experiments?
The response of Sphagnum N concentration to N application was similar between glasshouse and field experiments, suggesting that glasshouse studies are suitable for detailed physiological investigations on Sphagnum N uptake and assimilation. The response of Sphagnum production, however, diverged between the experiment types in several important respects. Glasshouse experiments overestimated the negative N-effect on production compared to field experiments in the absence of vascular plant shoots, but underestimated the effect of adding N with vascular plant shoots present. The discrepancy between glasshouse and field experiments was particularly evident at species level where, on average, adding N stimulated production of S. magellanicum in the field, but depressed production in the glasshouse. The above implies that an important component of the N-effect mediated through vascular plants cannot be studied in glasshouse experiments until we understand the mechanisms underlying the interaction with vascular plants better. Similar discrepancies between glasshouse and field experiments when assessing direct and indirect effects of perturbations can be found in other studies, although such effects have hitherto received little attention in plant ecology. For example, in a recent meta-analysis on the effects of water and light on plant performance, Holmgren et al. (2011) showed that physiological (direct) effects were very similar between glasshouse and field experiments, whereas seedling survival (indirect effect) was not. (Table 3 ). For tests at species level we added species interaction terms to model b (Table S2) .
Variables not shown in the figure are kept fixed at their mean value. Confidence in estimates is illustrated by 95% credible intervals. The numbers below the intervals indicate the number of experiments in each group.
We hypothesized that the responses of Sphagnum production (PRODlnrr) and tissue N concentration (Nlnrr) in the glasshouse would be modified by the same variables that operate in field experiments. For some variables, the effect was consistent between approaches: in both glasshouse and field experiments production decreased more at high than at low rates of N application. Most other variables, such as presence of vascular plants (PRODlnrr, not significant in glasshouse), temperature (PRODlnrr, not significant in glasshouse), P application (PRODlnrr, weaker effect in glasshouse), background N deposition (PRODlnrr, weaker effect in glasshouse) and microhabitat (Nlnrr, positive in glasshouse, negative in field) were of less significance in the glasshouse than in the field. The reasons behind the lack of sensitivity in the glasshouse remain speculative. Either these variables are mainly controlled for in glasshouse experiments (background N deposition), take effect at time scales beyond the duration of most glasshouse experiments, are mediated through other factors controlled for in glasshouse experiments (presence of vascular plants, temperature, microhabitat), are not fully comparable between the experiment types (temperature, microhabitat), or results reflect a limited amount of data. Sensitivity analyses suggested that the absence of a P effect in the glasshouse is driven by a few influential experiments only. The other effects were fairly robust, however, suggesting alternative explanations. The most interesting difference with field experiments, the vascular plant effect aside, is the absence of an interaction between N application and temperature in glasshouse experiments. Assuming we can equate the effect of average glasshouse temperature with that of mean July temperature, the absence of a temperature effect in glasshouse experiments suggests that the temperature sensitivity reported for field fertilization experiments (Limpens et al., 2011) , is likely an indirect effect mediated through other (environmental) factors and not a direct effect of temperature-induced changes in respiration or photosynthetic activity (Limpens et al., 2011) . The above clearly highlights the current lack of experiments targeted at elucidating interactions between N application and other environmental variables. In view of the potential consequences of such interactions for the C sequestration potential of peat bogs (Limpens et al., 2011) , this lack of mechanistic knowledge is worrying.
Why do glasshouse experiments give different results?
Glasshouse experiments underestimated the (indirect) effect of adding N compared to field experiments when vascular plant shoots are present, indicating that the vascular plant effect found in field experiments at sparse cover is not so much a consequence of competitive interaction, but, rather, it is more likely to be mediated through other factors controlled for in glasshouse experiments. The presence of vascular plant shoots in the field could potentially aggravate the effect of N by increasing interception of snow (Dorrepaal et al., 2003) dry N deposition (Limpens et al., 2004) or, perhaps, enable more intensive competition with algae (Gilbert et al., 1998) by altering the microclimate (Chong et al., 2012) . Why the direct effect of adding N in the absence of vascular plant shoots was overestimated in the glasshouse compared to the field remains speculative. The contrasting response cannot be attributed to differences in overall production, at least not under our assumptions that 6 months in the glasshouse equalled one growing season in the field.
One explanation could be that the frequent application of low doses of N characteristic of glasshouse experiments has a more negative effect than infrequent application of high doses common in field experiments. As we found no indication of interactions with N dose and N frequency, this explanation seems unlikely. Another explanation could be that N uptake, or N mineralization, was higher in the glasshouse than in the field, resulting in N saturation and associated negative effects occurring more rapidly (Limpens et al., 2011) . Although the relationship between N influx and the response of Sphagnum N concentration seemed to be more linear in the glasshouse, suggestive of more efficient N uptake, there was no consistent difference in unstandardized Sphagnum N concentrations between glasshouse and field experiments (Fig. 1) .
Alternatively, the deviating microclimate (low light intensity, low relative humidity, absence of seasonality) in glasshouse experiments may have interacted with the N effect, particularly because Sphagnum performance is sensitive to microclimate (Chong et al., 2012) . Although most Sphagnum species saturate photosynthesis at low to intermediate photosynthetically active radiation (PAR) up to 550 lmol m )2 s )1 (Marchall & Proctor, 2004; Hájek et al., 2009) , light intensities in glasshouse experiments are often lower. The latter particularly applies to glasshouse experiments conducted in winter and climate chamber experiments where the only source of light is artificial. As such we cannot exclude that at low light different N allocation patterns (Harley et al., 1986) or, perhaps, changes in leaf morphology (Manninen et al., 2011) may have interacted with N addition, even though recent evidence for S. capillifolium suggests otherwise (Bonnett et al., 2010) and photosynthetic capacity is not negatively affected by N application in glasshouse or field experiments (Granath et al., 2009 (Granath et al., , 2012 . Interactions between N influx and microclimate may also explain the contrasting response of production between glasshouse and field experiments observed for S. magellanicum (Fig. 2b) . For this species, adding the same amount of N depressed production in the glasshouse, but stimulated production in the field, despite controlling for differences in environmental variables. Changes in the sign of responses clearly indicate that the production response to N in the glasshouse was constrained compared with responses in the field. Glasshouse experiments focusing on the effect of adding N on Sphagnum at contrasting irradiance levels (Bonnett et al., 2010) may help to explain some of the uncertainty regarding the underlying mechanisms.
Do scale or organizational complexity matter?
Organizational complexity affected the response of Sphagnum production to N additions, but neither scale nor organizational complexity modified the response of Sphagnum N concentration. The response of Sphagnum N concentration to adding N was similar among shoot, pot or plot experiments, corroborating the direct cause-effect relationship between N deposition and tissue N concentration of bryophytes (Markert et al., 2003) . The main process determining the tissue N concentration, N uptake by Sphagnum, is the same for a single shoot, hummock or carpet and, thus, relatively insensitive to the type of experiment, its scale or the organizational complexity (Levin, 1992; Englund & Cooper, 2003) . By contrast, the response of production to N application turned out to be far more sensitive to differences in experimental approach, reflecting its more indirect relationship with N deposition (Manning et al., 2006) . While removing vascular plant shoots, that is, reducing organizational complexity, affected the direction of the response of production to N application (qualitative response; Irvine et al., 2004) , the scale of the experimental unit only affected the strength of the response (quantitative response). The negligible effect of scale in assessing qualitative responses to N application corroborates earlier work by Wiedermann et al. (2008) who found high correspondence between N effects in a medium-scale field N application experiment and a large-scale field survey along a N deposition gradient in Sweden in the presence of vascular plants.
Conclusion
Glasshouse and field experiments gave similar qualitative and quantitative estimates of changes in Sphagnum N concentration in response to adding N. However, glasshouse-based estimates of changes in production, even qualitative assessments, diverged from field experiments owing to a stronger N effect on the production response in the absence of vascular plants in the glasshouse, presumably caused by the artificial microclimate; and a weaker N effect in the presence of vascular plants compared to field experiments. Thus, although we need glasshouse experiments to study the effects of interacting environmental factors on the response of Sphagnum to increased N deposition, we need field experiments to properly quantify these effects.
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